Dichoptic training is designed to promote binocular vision in patients with amblyopia. Initial studies have found that the training effects transfer to both binocular (stereopsis) and monocular (recognition acuity) visual functions. The aim of this study was to assess whether dichoptic training effects also transfer to contrast sensitivity (CS) in adults with amblyopia. We analyzed CS data from 30 adults who had taken part in one of two previous dichoptic training studies and assessed whether the changes in CS exceeded the 95% confidence intervals for change based on test-retest data from a separate group of observers with amblyopia. CS was measured using Gabor patches (0.5, 3 and 10 cpd) before and after 10 days of dichoptic training. Training was delivered using a dichoptic video game viewed through video goggles (n = 15) or on an iPod touch equipped with a lenticular overlay screen (n = 15). In the iPod touch study, training was combined with anodal transcranial direct current stimulation of the visual cortex. We found that dichoptic training significantly improved CS across all spatial frequencies tested for both groups. These results suggest that dichoptic training modifies the sensitivity of the neural systems that underpin monocular CS.
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Introduction
For many years amblyopia was thought to be untreatable in older children and adults who were past the critical period of visual cortex development (Epelbaum et al., 1993) . However, it is now evident that visual function can improve in adults with amblyopia. The gold-standard amblyopia treatment for children consists of optical correction followed by occlusion therapy (Holmes & Clarke, 2006) and there is evidence that similar approaches can also improve visual acuity in at least a subset of older children and adults with amblyopia (Kupfer, 1957; Scheiman et al., 2005; Simmers & Gray, 1999; Wick et al., 1992) . These effects seem to be particularly reliable when occlusion of the fellow eye is combined with visual perceptual learning paradigms. Perceptual learning refers to an improvement in the performance of a psychophysical task after training on the task. Perceptual learning has been found to improve a range of visual functions in adults with amblyopia including Vernier acuity (Levi, Polat, & Hu, 1997) and contrast detection (Huang, Zhou, & Lu, 2008; Polat et al., 2004 ) (for recent reviews see Astle, Webb, & McGraw, 2011b; Levi & Li, 2009b) . Perceptual learning promotes plasticity within the amblyopic visual system and the typical approach of conducting the training in a supervised laboratory setting ensures compliance with fellow eye occlusion, which can be challenging for adults.
Perceptual learning can also improve visual task performance in observers with normal vision (Epstein, 1967; Gibson, 1969 Gibson, , 1991 . These improvements are often specific to the trained stimulus with only limited transfer of learning to other stimuli and tasks (Ball & Sekuler, 1982 , 1987 Fiorentini & Berardi, 1980) . However, considerable transfer of perceptual learning to other visual abilities can occur in adults with amblyopia (Levi & Li, 2009a frequency transferred to a broader range of adjacent spatial frequencies for adults with amblyopia than for controls (Huang et al., 2008) . Furthermore, a variety of studies have found that monocular training on specific tasks such as Vernier acuity (Levi et al., 1997) or contrast detection (Huang et al., 2008; Polat et al., 2004) transfers to recognition acuity in adults with amblyopia. Similar effects have been achieved by combining occlusion with other visual activities such as playing video games (Li, Ngo, et al., 2011) . In some cases, monocular training can also transfer to stereoacuity (Astle, McGraw, & Webb, 2011a; Li, Ngo, et al., 2011 ).
An alternative approach to treating amblyopia that focuses on improving binocular vision has recently been proposed (Hess, Mansouri, & Thompson, 2011; . This approach, referred to here as dichoptic training, does not employ monocular occlusion. Instead, high contrast stimuli are presented to the amblyopic eye and lower contrast stimuli are presented to fellow eye in order to balance the input from the two eyes and enable binocular integration (in clinical terms this can be thought of as overcoming suppression of the amblyopic eye) . The approach is based on the hypothesis that patients with amblyopia possess an intact binocular visual system, which is rendered functionally monocular by an imbalance in the inputs from the two eyes (clinically thought of as suppression). Evidence supporting this hypothesis originates from animal models and human psychophysics. Animal neurophysiology has shown that a stronger imbalance of information between the two eyes is correlated with deeper amblyopia (Bi et al., 2011) and that antagonizing inhibitory GABA-A receptors can enhance the binocular responses of cells in the striate cortex of cats with an experimentally induced strabismus (Sengpiel et al., 2006) . Comparable results have been found in humans; a larger imbalance between the two eyes (suppression) is associated with poorer visual acuity in adults and children with amblyopia (Kwon et al., 2014; Li et al., 2013a Li et al., , 2013b Li, Thompson, Lam, et al., 2011; Narasimhan, Harrison, & Giaschi, 2012) and preliminary evidence suggests that larger imbalances may also be associated with poorer outcomes following occlusion therapy (Li et al., 2013b; Narasimhan, Harrison, & Giaschi, 2012) . In addition, non-invasive brain stimulation of the visual cortex, which is thought to alter neural inhibition (Fitzgerald, Fountain, & Daskalakis, 2006; Spiegel et al., 2012; Stagg et al., 2009) , can improve contrast sensitivity in adults with amblyopia (Clavagnier, Thompson, & Hess, 2013; Thompson et al., 2008) .
Initial studies have demonstrated that dichoptic training can lead to significant improvements in stereopsis and acuity without the need for occlusion of the amblyopic eye (Birch, 2013; Black et al., 2012; Hess, Mansouri, & Thompson, 2010a , 2010b Hess et al., 2012; Knox et al., 2011; Li, Thompson, et al., 2013; Li et al., 2014; Spiegel, Li, et al., 2013; To et al., 2011) . The first studies of dichoptic training used dichoptic random dot kinematograms as training stimuli whereby signal dots were presented to one eye and noise dots to the other (Hess, Mansouri, & Thompson, 2010a , 2010b . In order to make the training more engaging, more recent studies have used modified video games (Knox et al., 2011; Li, Thompson, et al., 2013; Li et al., 2014; To et al., 2011) . One of these games requires the tessellation of falling blocks. Some blocks are presented to the amblyopic eye at high contrast and others are presented to the fellow eye at low contrast. Training using this approach results in patients being able to play the game with progressively less interocular contrast difference reflecting a stronger contribution of the amblyopic eye to binocular vision. Importantly, this improvement in binocular combination transfers to improved stereopsis and amblyopic eye visual acuity. The transfer of dichoptic training to monocular acuity is surprising because the dichoptic training does not involve occlusion of the fellow eye. This pattern of transfer raises the possibility that binocular imbalance plays a role in both the binocular and monocular losses that occur in amblyopia and also suggests that rebalancing the two eyes may enable plasticity within the amblyopic visual cortex (Li, Thompson, et al., 2013) .
The aim of this study was to further investigate the transfer of dichoptic training to monocular visual function by assessing amblyopic eye contrast sensitivity before and after training. There are a number of reasons why it is important to know whether contrast sensitivity is improved by rebalancing the eyes and restoring binocular vision. The first is that impaired contrast sensitivity, particularly for high spatial frequencies, is a fundamental component of amblyopia (Bradley & Freeman, 1981; Hess & Howell, 1977; Levi & Harwerth, 1977) that is thought to reflect reduced responses from striate cortex neurons corresponding to the fovea (Kiorpes et al., 1998; Kiorpes & McKee, 1999) . Therefore improved contrast sensitivity after treatment would implicate changes at the level of the striate cortex. Secondly, patients with amblyopia also report spatial distortions (Hess, Campbell, & Greenhalgh, 1978) that are thought to underlie the differences between grating and letter acuity in this condition. Improved letter acuity that has already been reported as a consequence of binocular treatment could reflect reduced spatial distortions rather than a direct improvement in sensitivity and spatial resolution. On the other hand, contrast sensitivity measurements are not contaminated by distortions (Hess et al., 1978) , therefore an improvement in contrast sensitivity would be consistent with a specific improvement in sensitivity.
We analyzed contrast sensitivity data collected as part of two previous studies of dichoptic training for which stereopsis and visual acuity outcomes have been published (Li, Thompson, et al., 2013; Spiegel, Li, et al., 2013) . Both studies found significant improvements in visual acuity and stereopsis after 10 days of training (5 days per week over 2 weeks) using the falling blocks videogame. Li, Thompson, et al. (2013) compared dichoptic training to monocular training and found that dichoptic training resulted in significantly greater improvements in visual function. Spiegel, Li, et al. (2013) found that visual cortex anodal transcranial direct current stimulation (a-tDCS) enhanced dichoptic training induced improvements in stereopsis. tDCS is a non-invasive technique for stimulating the human brain (Nitsche & Paulus, 2000) . Magnetic resonance spectroscopy studies have found that a-tDCS of the human motor cortex reduces the concentration of GABA within the stimulated region (Kim et al., 2014; Stagg et al., 2009) . This indicates that a-tDCS may temporarily reduce inhibitory/suppressive interactions within specific brain areas. Results from combined psychophysics and tDCS studies on participants with normal vision (Spiegel et al., 2012) and observers with amblyopia suggest that a-tDCS may have a similar effect when delivered to the visual cortex. This previous work provided the motivation for testing whether combining dichoptic training with a-tDCS would lead to greater improvements than dichoptic training alone. The results showed that atDCS potentiated the effect of dichoptic training on stereopsis but not on acuity (Spiegel, Li, et al., 2013) . Our new analysis of previously unpublished data collected during these two dichoptic training studies revealed that dichoptic training improved amblyopic eye contrast sensitivity in the majority of participants.
Methods

Participants
Thirty adults with amblyopia (mean age 22.2 ± 3.5 years SD) were recruited from the ophthalmology clinic at Zhongshan Ophthalmic Center, Guangzhou, China. Amblyopia was defined as an interocular acuity difference of at least 0.2 log MAR and 0 log MAR or better visual acuity in the fellow eye. Further inclusion criteria were a history of anisometropia, strabismus or both with an absence of ocular pathology. The participants had taken part in one of two studies investigating dichoptic training for which acuity and stereopsis outcomes have been published (Li, Thompson, et al., 2013; Spiegel, Li, et al., 2013) (n = 15 from each study). Contrast sensitivity data were not included in the earlier reports as they were not available for all participants in each study and test-retest reliability data were not available. Participant details are summarized in Table 1 and their training history in Fig. 1 . Tables 2 and 3 include the baseline, interim and post-training results for visual acuity, stereopsis and suppression for each participant in each group. All procedures were carried out in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki) and were approved by the Zhongshan Ophthalmic Center Ethics Committee. Informed consent was obtained from all participants prior to data collection.
2.1.1. The iPod/tDCS group (participants from Spiegel, Li, et al., 2013) Fifteen participants had taken part in a study investigating the effects of a-tDCS on dichoptic training (Spiegel, Li, et al., 2013) . This study involved 10 days of dichoptic training (5 days per week over 2 weeks) using the falling blocks videogame presented on iPod touch device equipped with a prismatic overlay. This training duration was based on previous work, which used similar or shorter (Knox et al., 2011) durations. To ensure accurate alignment of the lenticular screen, iPods were placed in holders, Table 1 Clinical details of the study participants. See main text and Fig. 1 for group definitions. Aniso = anisometropic amblyopia, Strab = strabismic amblyopia, mixed = combined mechanism (both anisometropic and strabismic) amblyopia, AmE = amblyopic eye, FFE = fellow fixing eye, VA = visual acuity. Table 2 Individual participant data for the iPod/tDCS group. Pre = baseline, Post 5 = measurements made after 5 sessions of dichoptic training, Post 10 = measurements made after 10 sessions of dichoptic training. Visual acuity (VA) is shown in log MAR units, stereo in arc seconds and suppression in % contrast tolerated in the fellow eye. Larger contrast values indicate weaker suppression. AmE = amblyopic eye. See Fig. 1 controlled using a wireless keyboard and participant's heads were restrained using a head and chin rest. The study adopted a crossover design that required two groups of participants. The first group (denoted iPod-AS; see Fig. 1 ) completed 5 days of dichoptic training combined with a-tDCS followed by 5 days of dichoptic training combined with sham tDCS. The second group (denoted iPod-SA; see Fig. 1 ) completed 5 days of dichoptic training combined with sham-tDCS followed by 5 days of dichoptic training combined with a-tDCS. A detailed description of the tDCS parameters is provided by Spiegel, Li, et al. (2013) . Contrast sensitivity measurements were made at baseline (Pre), after 5 days of training (Post 5) and after 10 days of training (Post 10). Seven participants were from the group that received a-tDCS followed by sham tDCS (iPod-AS) and eight participants were from the group that received sham tDCS followed by a-tDCS (iPod-SA). It is important to note that all participants had received equal amounts of real and sham tDCS at the Post 10 time-point. Li, Thompson, et al., 2013) The second set of fifteen participants had taken part in a study comparing dichoptic and monocular training (Li, Thompson, et al., 2013) . This study involved two groups of participants, one trained dichoptically and one trained monocularly using the falling blocks videogame. Training was conducted using head-mounted video goggles (eMagin™ Z800 3DVisor) and lasted for 10 days (5 days per week over 2 weeks). The primary aim of this experiment was to directly compare dichoptic and monocular training. However, because improvements were small in the monocular group, this group was crossed over to dichoptic training for a further 10 days once the monocular training was complete to assess whether additional improvements would occur. Of the fifteen participants for whom contrast sensitivity data were available, six were from the group who received dichoptic training only (denoted Goggles-D; see Fig. 1 ). These participants completed contrast sensitivity measurements at baseline (Pre) and after 10 days of dichoptic training (Post 10). The remaining nine participants were from the group that received monocular training followed by dichoptic training (denoted Goggles-MD; see Fig. 1 ). These participants completed contrast sensitivity measurements at baseline (pre monocular), after monocular training (Pre; this measure was used as the pre dichoptic training baseline) and after 10 days of dichoptic training (Post 10).
The goggles group (participants from
Test-re-test reliability
A separate group of twelve participants with amblyopia who had not participated in any dichoptic training studies completed two sets of contrast sensitivity measurements separated by at least 24 h. On average these participants were 6 years younger than the participants that completed dichoptic training (mean age 16 years, range 13-22 vs. mean age 22, range 18-31). The range of amblyopic eye visual acuities was the same for the test-retest Table 3 Individual participant data for the goggles group. Pre monocular = baseline measurements for the participants who completed 10 sessions of monocular training before being crossed over to dichoptic training. Pre = pre dichoptic training baseline. Post 10 = post 10 sessions of dichoptic training. Visual acuity (VA) is shown in log MAR units, stereo in arc seconds and suppression in % contrast tolerated in the fellow eye. Larger contrast values indicate weaker suppression. AmE = amblyopic eye. N/A = not applicable; pre monocular measurements were only made for the Goggles-MD group. The Goggles-D group did not complete any monocular training. See Fig. 1 Fig. 1. The two sets of participants for which contrast sensitivity data were available. Fifteen of the participants took part in a study investigating the combination or anodal or sham tDCS on dichoptic training and fifteen participants took part in a study comparing monocular and dichoptic training. iPod-AS refers to a group of 7 participants who completed 5 sessions of dichoptic training on an iPod device combined with anodal tDCS followed by 5 sessions of dichoptic training combined with sham tDCS. iPod-SA refers to a group of 8 participants who received sham stimulation followed by anodal stimulation. Note that after 10 sessions both groups had received equal amounts of anodal and sham tDCS. Goggles-D refers to a group of 6 participants who received 10 sessions of dichoptic training only. Goggles-MD refers to a group of 9 participants who received 10 sessions of monocular training followed by 10 sessions of dichoptic training. The iPod-AS and iPod-SA groups trained using an iPod device whereas the Goggles-D and Goggles-MD groups trained using head-mounted video goggles. See Section 2.1 for further details.
participants and the dichoptic training participants (0.2-1 log MAR) although the mean visual acuity was better for the test-retest group (0.4 log MAR vs. 0.59 log MAR).
Contrast sensitivity
Contrast sensitivity was assessed at 0.5, 3, and 10 cpd using a two-alternative, forced-choice method whereby participants had to judge the orientation of Gabor patches (spatial sigma 2°, temporal sigma 500 ms embedded in a cosine envelope) as vertical or horizontal. Contrast was expressed as a Michelson Contrast percentage (Formula 1).
Stimuli were generated using a MacBook Pro laptop (Apple Inc., California, USA) with Psykinematix software (KyberVision, Quebec, Canada), which allows for 10.8 bits of contrast resolution, and presented using a linearized 17 00 CRT screen (Philips 107S61, Amsterdam, Netherlands; refresh rate = 85 Hz, mean luminance 200 cd/m 2 ) at a viewing distance of 60 cm. Following a familiarization procedure, participants completed a threshold measurement for each spatial frequency in a random sequence. Seventy-five percent correct thresholds were estimated for each measurement using a Bayesian adaptive staircase run over a maximum of 100 trials, which generated data that were fit by a Weibull function. The adaptive staircase was based on the algorithm proposed by Kontsevich and Tyler (1999) and implemented in Psykinematix.
Visual acuity measurements
For the participants trained using video goggles and the testretest participants, visual acuity was tested using a log MAR chart with 0.1 log MAR steps viewed from a distance of 4 m. The participants trained on the iPod devices were tested using a Topcon ACP-8 projector with decimal progression viewed from a distance of 3 m. Tumbing E symbols were used for both charts and a fouralternative forced-choice method was adopted. Acuity thresholds were determined by subtracting the appropriate number of log MAR units for each correctly identified optotype. Note that the chart with decimal progression had a lower resolution on a log MAR scale than the log MAR chart. Stereopsis was assessed using the Randot Stereo Test at a 40-cm viewing distance.
Dichoptic training
Dichoptic training was administered under supervision in a clinical research room at Zhongshan Ophthalmic Center. As described previously (Li, Thompson, et al., 2013; Spiegel, Li, et al., 2013; To et al., 2011) , the training was delivered using a videogame that required falling blocks to be tessellated together. Some blocks were presented at high contrast to the amblyopic eye, some blocks were presented at a low contrast to the fellow eye, and some blocks were presented to both eyes to aid binocular combination. The game could only be played successfully if the images shown separately to the two eyes were combined. The contrast of the blocks shown to the fellow eye was set at the start of each session by measuring interocular suppression using an established psychophysical technique (Black et al., 2011 modified for use in cases of high anisometropia (Li et al., 2013b) . The blocks seen by the amblyopic eye were always presented at 100% contrast.
The participants who took part in the study comparing monocular and dichoptic training (Goggles-D and Goggles-MD in Fig. 1 ) were trained using video goggles for 60 min per session. The participants who took part in the study investigating the effect of a-tDCS on dichoptic training (iPod-AS and iPod-SA in Fig. 1 ) were trained using iPod touch devices equipped with a lenticular overlay for 75 min per session. Anodal or sham tDCS was administered for the first 15 min of each training session for these participants.
Data analysis
All contrast detection thresholds were converted to log contrast sensitivity. The 95% CIs for the difference in means between test 1 and test 2 for the test-retest group were calculated for each spatial frequency. The change in contrast sensitivity for amblyopic eyes for each spatial frequency as a result of dichoptic training were compared to these 95% CIs as the upper (positive) CI indicated the estimated improvement from test-retest variability alone. ANOVAs were also conducted on the log contrast sensitivity scores separately for the Goggles, the iPod/tDCS and the test-retest group to test for changes in contrast sensitivity across sessions. Finally, Pearson's correlation coefficients were used to assess whether changes in contrast sensitivity were correlated with changes in acuity, stereopsis or suppression. These analyses were conducted separately for the Goggles and iPod/tDCS groups. Spiegel, Li, et al., 2013) Pre and post 10 contrast sensitivity functions along with plots of the difference between the two functions are shown for each individual participant in Fig. 2 . The dashed lines in the difference plots represent the upper and lower 95% CIs from the test-retest data. Individual thresholds for each participant for all time-points are provided in Table 4 . Improvements in CS that exceeded the upper 95% CI were more common for the higher spatial frequencies (4/15 participants improved at 0.5 cpd; mean improvement for all participants = 0.13 log units, 95% CI 0.12; 8/15 for 3 cpd; mean improvement = 0.30 log units, 95% CI 0.27 and 12/15 for 10 cpd; mean improvement = 0.33 log units, 95% CI 0.13). Interestingly, when improvements for the 3 cpd stimulus did occur, they tended to be larger than the improvements for the 10 cpd stimulus (e.g. Fig. 2 , participants i-AS3 and i-SA3). Two participants showed reductions in CS that exceed the lower CI, one for the 3 and 10 cpd stimuli (0.36 and 0.27 log units, respectively) and one for the 3 cpd stimulus only (0.4 log units). A mixed ANOVA with factors of Spatial Frequency, Time (Pre, Post 5 and Post 10) and Stimulation Order (anodal-sham vs. sham-anodal) revealed significant effects of Spatial Frequency (F 1,16 = 13.5, p = 0.001, degrees of freedom corrected for sphericity) and Time (F 2,26 = 83. 1, p < 0.001), but no interactions (p > 0.05). This indicates that tDCS order (anodal followed by sham vs. sham followed by anodal) did not significantly influence the improvement of contrast sensitivity. The average CS values for each spatial frequency at baseline (Pre) after 5 sessions (Post 5), and after 10 sessions (Post 10) are shown in Fig. 3 . Results for the two groups (iPod-AS and iPod-SA) are shown separately. The average plots reflect the trend for greater improvements at the higher spatial frequencies of 3 and 10 cpd. Li, Thompson, et al., 2013) Individual participant data illustrating the effects of dichoptic training only are shown in Fig. 4 in the same format as Fig. 2 . Individual data are also provided in Table 5 . For this group, the greatest number of participants exhibited reliable CS improvements for the 3 cpd stimulus (6/15 participants improved at 0.5 cpd; mean improvement for all participants = 0.13, 95% CI 0.08, 11/15 at 3 cpd; mean improvement = 0.22 log units, 95% CI 0.08 and 7/15 at 10 cpd; mean improvement = 0.15 log units, 95% CI 0.12). No participants exhibited a reliable decrease in CS. A mixed ANOVA with factors of Spatial Frequency (0.5, 3 and 10 cpd), Time (Pre and Post 10) and Group (Goggles-D vs. Goggles-MD) revealed significant main effects of Spatial Frequency (F 2,26 = 84.5, p < 0.001) and Time (F 1,13 = 87.0, p < 0.001) as well as a significant interaction between Time and Group (F 1,13 = 11.9, p = 0.004). There were no other significant main effects or interactions. The mean CS values for each spatial frequency and time point for each group are shown in Fig. 5 .
Results
The iPod/tDCS Group (participants from
The Goggles group (participants from
The interaction between Time and Group reflected smaller improvements after dichoptic training for participants who had completed two weeks of monocular training prior to dichoptic training (the Goggles-MD group). The overall mean improvement for the Goggles-MD group was 0.1 (SE 0.06) log units compared to 0.2 (SE 0.09) log units for the Goggles-D group. This suggests that monocular training may have led to CS improvements that reduced the subsequent response to dichoptic training. This effect is evident in Fig. 5 for the 10 cpd stimulus. However, a direct comparison between the dichoptic training results for the Goggles-D group and the monocular training results for the Goggles-MD group revealed a significant interaction between Time and Group (F 1,13 = 13.6, p = 0.003), whereby the dichoptic training generated significantly greater improvements in CS than monocular training. This suggests that dichoptic training was more effective at improving contrast sensitivity than monocular training. For this comparison, the overall mean monocular training improvement was 0.1 (SE 0.07) log units compared to 0.2 (SE 0.09) log units for dichoptic training.
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Pre Post The dashed lines show the estimated 95% confidence intervals for change for the test-retest group. Data points falling outside these confidence intervals represent a change that cannot be directly explained by test-retest variability. Note that the y-axis scales vary to account for differing contrast sensitivities and training effects.
Correlations among improvements in CS, visual acuity, suppression and stereopsis
There were no significant correlations between the change in CS at a specific spatial frequency and changes in visual acuity or suppression for either the iPod/tDCS group or the goggles group. There was a negative correlation between CS improvement and stereopsis improvement for the 3 cpd stimulus in the goggles group, however this relationship was not significant for any of the other spatial frequencies and did not occur for the iPod/tDCS group suggesting that this may be a type 1 error. Correlations are summarized in Table 6 .
Test-retest measurements
The average contrast sensitivity functions for the test-retest group are shown in Fig. 6 . A repeated measures ANOVA with factors of Spatial Frequency (0.5, 3 and 10 cpd) and Time (test 1 and test 2) revealed the expected significant main effect of Spatial Frequency (F 2,22 = 44.0, p < 0.001) but no main effect of Time (F 1,11 = 0.9, p = 0.8) and no interaction (F 2,22 = 0.02, p = 1). The mean differences in log contrast sensitivity (test 2 minus test 1) with 95% CIs for each spatial frequency were: 0.5 cpd, À0.02 (À0.18-0.14); 3 cpd, À0.02 (À0.15-0.12); 10 cpd, À0.01 (À0.14-0.11). The negative mean differences show that contrast sensitivity tended to decrease from test 1 to test 2. Univariate ANOVAs conducted on the difference scores for each spatial frequency with covariates of age and amblyopic eye visual acuity revealed no significant effect of age for any spatial frequency (p > 0.05). There were no significant effects of visual acuity for the 0.5 and 10 cpd stimuli (p > 0.05) but there was a significant effect for the 3 cpd stimulus (F 1,12 = 8.9, p = 0.02) whereby participants with poorer visual acuity tended to show greater reductions in contrast sensitivity at test 2 relative to test 1.
Discussion
Previous studies of dichoptic training delivered in a videogame format have found that the training effects transfer to both stereopsis and visual acuity in adults with amblyopia ( Table 4 Log sensitivity for each spatial frequency tested for each participant in the iPod/tDCS group. Pre = baseline, Post 5 = post 5 sessions of dichoptic training, Post 10 = post 10 sessions of dichoptic training. See Fig. 1 
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P r e P o s t 5 P o s t 1 0 10 cpd P r e P o s t 5 P o s t 1 0 P r e P o s t 5 P o s t 1 0 Fig. 3 . The group mean contrast sensitivity before (Pre), after 5 sessions (Post 5) and after 10 sessions (Post 10) of iPod-based dichoptic training with anodal or sham tDCS. iPod-AS denotes the group that received anodal tDCS for 5 sessions followed by sham tDCS, iPod-SA denotes the group who received sham tDCS followed by anodal tDCS. Error bars show between subjects 95% confidence intervals (note that statistical analyses were within subjects).
Here we show that dichoptic training effects also transfer to amblyopic eye contrast sensitivity in at least a subset of observers. Substantial improvements in amblyopic eye contrast sensitivity have previously been reported in adults with amblyopia following perceptual learning of a monocular contrast detection task performed at the cutoff spatial frequency (Huang et al., 2008; Zhou et al., 2006) . Overall we found a 2-fold improvement in contrast sensitivity across all spatial frequencies and observers. This is less than the approximately 3-fold improvement for a fixed high spatial frequency induced by direct monocular training at that specific frequency (Huang et al., 2008; Zhou et al., 2006) . However, our improvement is comparable to that reported after monocular training of contrast detection across a range of spatial frequencies presented with flanking stimuli (Polat et al., 2004) . The distinguishing feature of our study is that participants were not explicitly trained on monocular contrast sensitivity. Rather, they were trained on a task that targeted binocular function.
Comparison of the iPod/tDCS and goggles groups
There were some differences for the results of patients trained using the video goggles and those trained using an iPod whereby iPod patients tended to show larger improvements. However, due to differences in the design of these experiments, it is not possible to attribute these effects to the difference in training device alone.
The iPod/tDCS group had slightly longer training sessions and also received one week of a-tDCS. The latter is an important factor as a-tDCS has been previously shown to temporarily improve CS in both healthy (Kraft et al., 2010) and amblyopic observers . In addition, a-tDCS administered with dichoptic training enhanced training related improvements in stereopsis (Spiegel, Li, et al., 2013) . The analyses presented here did not detect any differences in the time course of contrast sensitivity improvement between the group that received a-tDCS Pre Post Change ± Confidence intervals Spatial frequency [cpd] Contrast sensitivity [log units] first followed by sham and the group that had sham followed by anodal tDCS. This is consistent with the previously reported acuity results (Spiegel, Li, et al., 2013) and suggests that the beneficial effects of dichoptic training on monocular functions may be strong enough to mask any improvements related to anodal tDCS. Because both groups had received the same dose of tDCS at the end of the Table 5 Log sensitivity for each spatial frequency tested for each participant in the goggles group. Pre monocular = baseline measurements for the participants who completed 10 sessions of monocular training before being crossed over to dichoptic training. Pre = pre dichoptic training baseline. Post 10 = post 10 sessions of dichoptic training. N/A = not applicable; pre monocular measurements were only made for the Goggles-MD group. The Goggles-D group did not complete any monocular training. See Fig. 1 10 days of training, we cannot rule out more general effects of tDCS on the contrast sensitivity improvements observed for the tDCS/ iPod group. However, it is clear from the Goggles group (who did not receive any tDCS) that tDCS is not necessary for contrast sensitivity improvements to occur following dichoptic training. Another difference was that 9/15 participants in the Goggles group had previously received training using a monocular version of the video game and their post-monocular training thresholds were used as the baseline for the dichoptic training analysis. This is important to emphasize as monocular training has been associated with improvements in monocular function in amblyopia (Levi & Li, 2009b) . Indeed, the group who received monocular training showed less improvement in CS after subsequent dichoptic training than the group that received dichoptic training alone (improvements of 0.17 vs. 0.30 log units at 3 cpd and 0.06 vs. 0.29 log units at 10 cpd for the Goggles-MD and Goggles-D groups, respectively). This suggests that monocular training led to improvements in contrast sensitivity that reduced the subsequent response to dichoptic training. However, it is important to emphasize that a direct between-groups comparison of monocular and dichoptic training, which was the primary purpose of the original experiment, revealed that dichoptic training resulted in significantly greater improvements than monocular training.
Overall, there are three complimentary results indicating that dichoptic training was chiefly responsible for the CS improvements found in both groups of participants. Firstly, while CS improved in the iPod/tDCS group, tDCS had no statistically significant effect, leaving dichoptic training as the primary cause of the CS improvement. Secondly, a direct comparison of monocular and dichoptic training for the goggles group showed that dichoptic training induced significantly greater CS improvements than monocular training. Thirdly, dichoptic training led to additional improvements in participants who had already received monocular training.
General discussion
It is clear from Figs. 2 and 4 that there was substantial individual variability in the magnitude and spatial frequency specificity of CS changes across participants in both groups. This is not surprising as contrast sensitivity was not directly trained and therefore it is reasonable to assume that transfer effects may vary considerably across participants. This variability may underlie the lack of a systematic pattern of correlations between CS improvements and improvements in visual acuity, stereopsis and suppression (Table 6) .
As a whole, our results are consistent with the hypothesis that treatment approaches designed to rebalance inputs from the amblyopic and fellow eyes can lead to wide-ranging improvements in visual function in adult patients with amblyopia (Hess, Mansouri, & Thompson, 2011; . The transfer of dichoptic training effects to binocular vision (stereopsis and binocular combination) and visual acuity (Li, Thompson, et al., 2013; Spiegel, Li, et al., 2013) as well as contrast sensitivity is notable as these are thought to be the primary deficits experienced by patients with amblyopia (McKee, Levi, & Movshon, 2003) . Furthermore, because contrast sensitivity is a fundamental component of vision that allows for the detection and recognition of visual stimuli across a wide range of spatial scales, improvements in contrast sensitivity are desirable. Such widespread transfer of learning is not typical of monocular training studies. For example, while monocular training on contrast sensitivity tasks can transfer to letter acuity (Huang et al., 2008; Polat et al., 2004) , training on letter acuity tasks does not necessarily transfer to contrast sensitivity (Astle, Webb, & McGraw, 2011c) .
What mechanisms might underlie the transfer of learning induced by dichoptic training? One possibility relates to the nature of the training stimulus. The moving blocks in the video game are dynamic, spatially broadband and crowd one another. Monocular training on spatially broadband stimuli (Astle et al., 2011c) and tasks that target crowding (Chung, Li, & Levi, 2012; Hussain, Webb, Astle, & McGraw, 2012) have both been shown to result in transfer of learning to letter acuity in adults with amblyopia. Furthermore, monocular training using commercially available videogames has been found to transfer to a range of visual functions including spatial attention and positional acuity in observers with amblyopia (Li et al., 2011b) . These effects may reflect modulation of abnormal spatial integration by neural mechanisms subserving the amblyopic eye (Hussain et al., 2012) and/or reductions in both external and internal noise (Huang, Lu, & Zhou, 2009; Li et al., 2011b) . However, these mechanisms cannot account for all of the learning we observed because dichoptic training effects were larger than those induced by monocular training with the same videogame stimulus (see also Li, Thompson, et al., 2013) . Therefore, binocular mechanisms are likely to be involved in the learning experienced by our participants. As described above, binocular imbalance appears to play an important role in the amblyopia syndrome. Therefore, a rebalancing of the eyes' inputs may confer improvements in both binocular and monocular function by allowing for latent abilities to be expressed and/or by removing an impediment to visual cortex plasticity that subsequently allows for broad improvements in visual function. These two possibilities are not mutually exclusive and may work together during dichoptic training.
This study has a number of limitations. Firstly, data were combined from two different studies that used different experimental designs. This prevents direct comparisons between the contrast sensitivity results from the two sets of participants. However, contrast sensitivity improvements were evident in both datasets. Secondly, the group of participants that provided test-retest data was not directly matched to the trained participants in terms of age and amblyopic eye visual acuity. Despite these differences between the groups, it is notable that on average the test-retest group did not show significant improvements from test 1 to test 2 even though the two tests were separated by a relatively short interval to maximize any possible learning effects. This was not the case for the trained participants who exhibited significant improvements in contrast sensitivity. It is also notable that we measured contrast sensitivity at a relatively high mean luminance of 200 cd/m 2 . The advantage of using a higher mean luminance is that contrast sensitivity at high spatial frequencies is higher (although low spatial frequencies remain unaffected) Van Nes, Koenderine, Nas, & Bouman, 1967) . Therefore, using a relatively high mean luminance increased our ability to detect any changes in contrast sensitivity at high spatial frequencies. The finding that contrast sensitivity was improved helps us to better understand the neural site and neural basis of the previously reported improvements in letter acuity as a consequence of dichoptic training (Birch, 2013; Black et al., 2012; Hess, Mansouri, & Thompson, 2010a , 2010b Hess et al., 2012; Knox et al., 2011; Li, Thompson, et al., 2013; Li et al., 2014; Spiegel, Li, et al., 2013; To et al., 2011) . Contrast sensitivity is understood in terms of V1 function where animal studies have shown a direct relationship between the reduced sensitivity of foveal cells receiving amblyopic eye input and behavioral contrast sensitivity at high spatial frequencies (Kiorpes et al., 1998; Kiorpes & McKee, 1999) . Therefore the improvements in contrast sensitivity reported here raise the possibility that that the acuity improvements are, at least partly, a consequence of improved sensitivity of cells within V1. However, another explanations are possible. These include a reduction in internal noise (Dosher & Lu, 1998; Li, Levi, & Klein, 2004) or a change in the readout of signals from early visual areas by higher-level decision-making areas (Law & Gold, 2008) .
In summary, this study showed that dichoptic training, while not directly targeting monocular function, improved contrast sensitivity in the amblyopic eye. Although the exact mechanisms underlying these improvements remain to be fully elucidated, this finding further supports the idea that amblyopia is primarily a disorder of binocular vision.
